hinge on the discovery of a semiconductor with good carrier mobility and visible transparency. Transparent, n-type oxides such as ZnO, In−Sn−O, In−Ga−Zn−O, and others 8−11 have high electron mobility and are already in use in many devices. However, this stands in contrast to the p-type oxides, where the performances have not yet reached the same level as the n-type. This limitation is generally postulated to be as a result of the localization of the oxygen (O) 2p state in the valence band. 12, 13 Driven by this realization, Hosono and co-workers have postulated the delocalization of the O 2p state as a strategy to unlock the high hole mobility, effectively decreasing the hole effective mass. They proposed an approach to accomplish this goal by incorporating highly electronegative cations with energy levels closely matched to the O 2p to increase the metal− oxygen hybridization.
14 This concept has led to the discovery of Cu-containing oxides 12, 15 and oxysulfides 16−20 as high-performance wide-band gap, p-type materials. For visible-transparent, ptype oxides, the results from these Cu-systems are considered a hole mobility benchmark (∼1−10 cm 2 /(V·s)). Still, these values are modest when compared to the performances of the visible-transparent, n-type oxides (>100 cm 2 /(V·s)). 8, 9, 21 We note that Cu 2 O can exhibit the hole mobility on the level of the n-type oxides. 22, 23 However, Cu 2 O is not transparent in the visible wavelength. For applications in transparent electronics and wide band gap transistors, the discovery of a new semiconducting oxide with high hole mobility and wide band gap is therefore an essential step forward.
In an effort to find superior p-type compounds, researchers have investigated the more spatially extended s-orbital chemistry to more efficiently delocalize the O 2p state.
24−27
Tin monoxide, SnO (Sn  2+ : [Kr] 4d  10 5s 2 ), has shown to be one of the most promising p-type s-orbital oxide candidates. However, SnO is still limited by the low hole mobility (<5 cm 2 /(V·s)), an anisotropic transport, and a low average transmission (75−80%). 25,26,28−30 Although recent report has shown the incorporation of metallic β-Sn can vastly improve the hole mobility (∼20 cm 2 /(V·s)), 31 preparing SnO with high stability is still a challenge. Bi 3+ ([Xe] 4f  14 5d  10 6s 2 ) compounds offers an alternative path to the s-orbital utilization. 27 However, the Bi 6s states in the studied Bi-based oxides thus far are too low for effective O 2p hybridization. 26 To take advantage of the s-orbital chemistry in Bi
3+
, it is essential to find a structure and chemistry that has the Bi state at a suitable energy position to support the Bi 6s−O 2p hybridization while retaining visible transparency. We have recently reported the use of band gap and valence band curvatures as parameters for screening for high figure-of-merit p-type oxides from the binary and ternary oxide databases. 13 Herein, we report the experimental realization of an s-orbital bismuth-based candidate with strong metal−oxygen s−p hybridization and visible transparency. Our identification is a direct result of our application of the highthroughput computational screening methodology to the quaternary oxide space. We present its synthesis, optical and electrical characterization and provide a preliminary demonstration of the material's visible transparency and hole mobility to demonstrate the promising qualities of this p-type transparent oxide compound.
To identify our candidate, we searched among more than 3600 quaternary oxides present in the Materials Project database and originating from the Inorganic Crystal Structure Database (ICSD). 32, 33 Our first step was to select materials with a low valence band effective mass in all crystallographic directions (<0.5 m e ) according to their density functional theory (DFT) band structures. Next, we computed the band gap of the most promising candidates using the GW method and finally evaluated the energy of the valence band maximum vs the vacuum level as an indicator of possible p-type character. This approach is similar to our previously published work. 13, 34 The result from our screening is the identification of Ba 2 BiTaO 6 (BBT, see Figure 1a ) as a candidate for our ptype oxide study. BBT has a rhombohedral double-perovskite structure, 35−37 containing an ordered array of Bi 3+ and Ta The dominant Bi 6s−O 2p interaction in the valence band in BBT is similar to the BaBiO 3 perovskite, which has been extensively studied for its superconducting properties. 38−41 However, different from BaBiO 3 , which has an optical gap around 2 eV, 42, 43 BBT is transparent due to Ta 5+ (which substitutes for Bi 5+ ). This inclusion pushes the conduction band upward and effectively increases the band gap. Interestingly, the electronic structure of BBT mimics what Sleight called the "Holy Grail" electronic structure for p-type oxide 27 with an s-based cationic state hybridizing with the oxygen 2p states. However, unlike other Bi-based oxides studied in the past, which generally have their Bi 6s state below the O 2p, 26, 44 effectively limiting the Bi 6s−O 2p mixing, our chosen candidate has the Bi 6s level close the O 2p, which allows for a stronger Bi 6s−O 2p hybridization. We note that the finding of a compound with strong metal−oxygen hybridization and visible transparency was enabled by our ability to screen thousands of oxide compounds simultaneously; finding this unique structure−chemistry combination would have been more time-consuming by trials and errors.
To verify experimentally the prediction, we synthesize a phase-pure BBT using a solid-state synthesis. The phase purity was verified with X-ray diffraction (XRD, Figure 2a ). All peaks match the double-perovskite rhombohedral structure of BBT that has been reported previously. 36, 37 In the double-perovskite rhombohedral structure, Bi 3+ and Ta 5+ occupy distinct crystallographic positions; the observation of the rhombohedral structure therefore suggests that Bi and Ta do not form solid solution. Selected area diffraction using transmission electron microscopy (TEM) analysis confirms the rhombohedral assignment (see the Supporting Information) and a highresolution TEM image confirms the crystallinity of the sample, in agreement with the XRD result (Figure 2b) .
To evaluate the optical band gap, we conduct a transmission measurement on a BBT thin film using the BBT powder as a pulsed laser deposition (PLD) target for the thin film deposition. Using a single-crystal MgO (100) as a substrate for growth, we obtained a textured BBT film as verified by the XRD (Figure 2c,d ) with a film thickness estimated to be ∼120 nm using spectroscopic ellipsometry. The textured microstructure is expected as a result of the in-plane compression of BBT (∼1.4% based on the pseudocubic lattice parameter of BBT). The optical transmittance of the BBT film had an average value of >90% in the wavelength range between 350 and 800 nm (Figure 3a) . The direct optical band gap was estimated to be >4.5 eV (see Figure 3b) . We note that this value is higher than the GW computed band gap. Optical absorption computations did not indicate that dipole forbidden transition could explain this discrepancy (see the Supporting Information) and we attribute it to an inherent underestimation from the single-shot GW approach.
Without extrinsic doping, BBT exhibited negligible conductivity in both the pellet and the thin film forms. We therefore examine the possibility of adding an electron acceptor to generate hole carriers. We elect to use K + for a Ba (Figure 2a) . The K + substitution has small effects on the sample optical property; the PLD-deposited BKBT film shows that the visible transparency was largely preserved (>90%, Figure 3a) . On the basis of this observation, we hypothesize that the K + inclusion did not lead to any optically active, midgap state formation. We point out that the optical band gap of our material decreases with K + concentration (Figure 3a,b) . At the moment, the origin of this optical gap change is unclear; one possibility could be from the reduction in the lattice parameter following the K + substitution.
Chemistry of Materials
Having demonstrated the visible transparency of both BBT and BKBT, we now focus on evaluating the transport properties. Without K + incorporation, BBT exhibits no detectable conductivity, behaving as an intrinsic wide-band gap semiconductor. We therefore focus on the BKBT sample, specifically Ba 1.3 K 0.7 BiTaO 6 , for the transport measurements. Our four-point probe measurements on the BKBT pellets reveal the conductivity in the range of ∼ kΩ·cm. This level of conductivity precludes the possibility for a direct Hall measurement in thin-film geometry. We therefore elect to focus on a BKBT pellet, whose geometry affords a sufficient thickness to support the conductivity for the Hall experiment. The result from the Hall measurement (see the Supporting Information) shows that BKBT is a p-type material. We further extract the carrier concentration from the Hall experiment, which was found to be in the range of ∼10 14 cm −3 . This is an astonishingly low carrier concentration given the amount of K + in the material; this level of carrier concentration has only been previously reported in high-quality single crystal works. 45−47 This suggests that our BKBT sample is strongly compensated by donor-like defects (e.g., oxygen vacancies). Overcoming this compensation will be an important step to bring BBT to its true potential and an experimental and theoretical study of BBT's defect behavior will be the subject of future work. We note that our difficulty in obtaining the p-type carrier even at high K + concentration is well-known in the bismuth oxide perovskites such as Ba 1−x K x BiO 3 , where the electron (n-type) conductivity s t i l l d o m i n a t e s e v e n a t 4 0 % K s u b s t i t u t i o n (Ba 0.58 K 0.42 BiO 6 ). 48, 49 We use the Hall carrier concentration from the BKBT pellet to estimate the hole mobility. We find that the value of μ H to be in excess of 30 cm 2 /(V·s). The observation of p-type conductivity is different from the transport data for Ba 0.58 K 0.42 BiO 6 , which has n-type conductivity. In addition, the hole mobility in BKBT is higher than the electron mobility in Ba 0.58 K 0.42 BiO 6 , which was found to be ∼2 cm 2 /(V·s), 48 likely as a result of the heavier electron in the bismuth perovskite system. Combining the mobility data with the optical gap, our BKBT compound represents the highest Hall hole mobility for a p-type transparent oxide with full range of visible transparency to our knowledge.
We point out that this preliminary value is likely an underestimation for BBT; we postulate that significantly higher hole mobility can be attained with a more dense, single-crystal BBT film. At the same time, we note that a realistic BBT-based device will need higher carrier concentration, which will likely cause scattering and lower the practical mobility. In any scenario, to utilize BBT for any practical application will require to increase carrier concentration by overcoming the likely defect compensation. Although it is difficult to predict if BKBT will be able to reach the carrier concentrations needed for "passive" transparent conducting oxides or if the mobility will still be high at the high carrier concentration, the exceptional transmission and mobility results justify a more careful attention to this promising material.
In ). Although still limited by the carrier concentration, the exceptional performance of Ba 2 BiTaO 6 is already evident in our preliminary characterizations. We further point out that Ba 2 BiTaO 6 has a unique draw of having a ubiquitous perovskite structure, which offers a wide range of possibility of integrations with other functional perovskite materials. 50 Our work also shows how the "needle in a haystack problem" of materials discovery can be accelerated using high-throughput material computations, and how material informatics can help guide the experimental realization of new technological materials. 
